Abstract: 1-mJ pulses are extracted from cw-diode-pumped Yb 3+ Na + CaF 2 1-kHz regenerative amplifier cooled at -130°C and recompressed to 180 fs FWHM. Further scaling of output energy is currently prevented by AR coating burn of the laser crystal. Ti:sapphire femtosecond amplifiers operating at kHz repetition rates rarely exceed the energy level of a few milli-Joules and average power of several Watts because of the thermal management and or optical damage problems. This makes Yb 3+ -doped crystals, with their remarkably low quantum defect and suitability for direct laser diode pumping, the material of choice for developing energy-scalable ultrafast kHz laser amplifiers.
, respectively) require an exceptionally tight diameter of the pump and cavity modes. The tight mode size becomes a problem for mJ-class chirped-pulse amplifiers, especially for Yb:YAG and Yb:KGW/KYW, the materials most established to date for regenerative and multi-pass amplification of femtosecond pulses, since they exhibit high linear and nonlinear refractive indices, a narrow gain linewidth (Yb:YAG), and high Raman susceptibility (KGW/KYW).
Yb-doped fluorides represent an interesting alternative for fs mJ pulse energy scaling because of their transparency in a wide wavelength region from the VUV to the IR; low linear and nonlinear refractive indices and low nonradiative relaxation between adjacent energy levels. Among different fluoride hosts, CaF2, one of the first host materials since the early 1960s [1] [2] [3] [4] , has one of the lowest phonon frequencies (328 cm -1 ) and a high thermal conductivity (10 Wm -1 K -1 ). Recently, a modified host, Yb 3+ ,Na + :CaF2 was introduced, where Na ions act as a charge compensator in CaF2 [5] [6] [7] . As was shown in Ref. [5] , codoping with Na + leads to significant modifications of the spectroscopic properties, especially to the increase of the radiative lifetime.
In this contribution, we report on the development of an Yb 3+ and Na + doped CaF 2 cryogenically cooled regenerative amplifier (RA) seeded with a broadband Yb fiber master oscillator. Previously, several LN2-cooled Yb regenerative amplifiers at 10 Hz were developed by Yamakawa and coworkers [8] . Our work is aimed at developing a closed-loop-cooling cw-pumped mJ-level Yb amplifier operating at a kHz repetition rate. The most important reasons behind choosing cryogenic cooling [9] in our work are as follows: a) disappearance of the ground state absorption above 1000 nm [10] (Fig.1, left) ; b) decreased pump saturation intensity; c) increased gain cross-section; d) increased thermal conductivity, which greatly improves parasitic heat transport; e) lower thermal lens; f) higher thermal fracture threshold; g) suppression of thermally induced birefringence; h) increased radiative lifetime. Our earlier study of spectroscopic properties of Yb,Na:CaF 2 revealed that even at low temperatures the emission spectrum (Fig.1, left) retains a broad bandwidth suitable for femtosecond chirped pulse amplification (CPA). The most crucial advantage of Yb,Na:CaF 2 over other broadband Yb crystalline hosts is that the co-doping with Na + leads to a substantial broadening of zero phonon line (ZPL) width, which makes Yb,Na:CaF 2 readily suited for conventional diode stacks without Bragg grating wavelength stabilization. This unique property permits pumping Yb,Na:CaF 2 into ZPL with conventional laser diode stacks even at temperatures as low as 80 K (Fig.1, right) , paving the way to a technologically simple and economical way for kHz-repetition-rate fs pulse energy scaling. The layout of RA cavity is presented in Fig. 2 . AR-coated 2%Yb 3+ 3%Na + :CaF 2 slab with the length of ~4 mm and height of 1.2 mm is mounted on a copper heatsink with a layer on In on both sides of the slab. The crystal assembly is mounted inside a cryogenic chamber cooled to temperature of 110K by a close-loop refrigerator (CryoTiger). The crystal is pumped in a double-pass configuration by two 60-W laser bars (DILAS) lensed with a set of microoptics (Light Conversion, Ltd.). Small quantum defect of Yb 3+ leads to only modest increase of crystal temperature (to ~140 K) when the full pump power is applied. The temperature of the diode bars was set to match the diode emission spectrum to the ZPL of the laser crystal. The dichroic mirror DM in the cavity was installed in order to suppress lasing at ~1000 nm. The configuration of the cavity is essential for optimal RA operation: although cw lasing at the level of ~14 W while pumping with ~ 60W (total output power of LD's) can be easily achieved, the mode size on the laser crystal appears rather small which, because of AR coating photo-damage, prevents operation in Q-switched regime above 1 mJ level. Adjustment of the cavity configuration mainly by choosing a right focal length and position in the cavity of the lens L leads to a larger mode size on the crystal and prevents AR coating damage at up to a 3-mJ energy level with ns Q-switched pulses at a 1-kHz repetition rate. In the ps operation mode, the RA was seeded by a stretched to ~300 ps output of a femtosecond Yb fiber laser. The positive dispersion stretcher is based on a single transmission grating (1700 l/mm, Wasatch Photonics) and a R=-600 mm spherical mirror.
Since the amplification bandwidth of RA is substantially narrower than the output spectrum of the fiber laser, in order to avid using optical components of extra-large dimensions while ensuring sufficiently long seed pulses, the stretcher was designed to transmit only a part of the fiber laser spectrum centered around 1030 nm, i.e. at the maximum of the amplification. The regenerative amplifier, if seeded with unperturbed spectrum, supports ~ 5 nm bandwidth centered at 1031 nm (Fig. 3, left) . By installing in the Fourier plane of the stretcher an amplitude shaper consisting of a series of manual mechanical adjusters to suppress spectral components in the central part of the amplification spectrum, we were able to broaden the spectrum of the RA output to 12 nm FWHM (Solid curve, Fig.3, left) . As the result, 1-mJ pulses with the spectrum supporting 90-fs FWHM pulse duration were generated. The incident pump power on the crystal was about 20 W (~10 W from each diode). It is important to mention that neither pulse train saturation nor bi-stable behavior of the pulse train, which is common for Yb:KGW RA, was observed at 1-mJ energy. Further amplification was not possible because of the optical damage of AR coatings of the crystal. Examination the crystal revealed that only optical damage of the AR coating was taking place, no optical damage in the volume was found.
The output pulses were crudely recompressed with a grating compressor (1700 lines/mm, grating separation ~ 200 mm). The results of pulse characterization with SHG FROG are presented in Fig.3 , right and reveal a 180-fs (i.e. approximately twice the spectrum-limited) pulse duration suggesting that a more careful dispersion control is required to handle the rather broad bandwidth obtained from Yb,Na:CaF 2 amplifier. In conclusion, by merging Yb fiber laser master oscillator technology and cryogenically cooled DPSS Yb,Na:CaF 2 regenerative amplifier technology we have generated 180-fs 1-mJ pulses at a 1-kHz repetition rate with a spectral bandwidth of 12 nm. Amplification substantially beyond 1 mJ should become feasible in the very near future by improving the quality of surface polishing and AR coatings, as well as by further optimizing the RA cavity design. Spectral shaping of the seed appears to be crucial for amplification of broad spectra and shows potential for attaining sub-90-fs pulses with an appropriately matched (blue-shifted) spectrum from the master oscillator.
